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Abstract. Optical properties of the isoelectronic compounds LaCoO3 and HoCoO3
has been experimentally and theoretically investigated. We’ve measured the real ε1(ω)
and imaginary ε2(ω) parts of the dielectric function, reflectance R(ω) and optical
conductivity at room temperature. The shift of the most pronounced spectral features
to the high energy region on 0.3 eV associated with larger distortions due to the
smaller rare earth ionic radii in HoCoO3 in comparison with LaCoO3 was observed.
Also there was found an enhancement of absorption intensity in the range 1.3-2.3 eV
in all kinds of spectra in HoCoO3, which can be attributed basing on the results of
LDA+U calculations to the different spin-states of Co3+ ion in these compounds. The
shift of the onset of the absorption from less than 0.1 eV in LaCoO3 to 0.7 eV in
HoCoO3 and an absorption intensity enhancement in a narrow spectral range 1.2-2.6
eV in HoCoO3 are clearly seen from the calculated convolution of partial densities of
states obtained in the LDA+U approach. Such changes are assumed to be induced by
the different Co3+ spin-state in these compounds at room temperature.
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1. Introduction
At present a temperature dependence of structural[1, 2] and magnetic[3, 4, 5] properties
of LaCoO3 is usually described within a three-spin-states model. In the ground state
LaCoO3 is a nonmagnetic insulator and all Co
3+ ions have a low spin-state configuration
(LS, t62ge
0
g, S=0)[6].
There are two transitions at approximately 100 and 500 K in LaCoO3 with the
increase of temperature. At 100 K this compound undergoes the spin-state transition
to a paramagnetic state, as evidenced by a steep increase of magnetic susceptibility[6]
and can be interpreted as a spin-state transition to the intermediate spin-state (IS,
t52ge
1
g, S=1) or to a mixture of low and high spin-state (HS, t
4
2ge
2
g, S=2)[7]. The second
transition at 500 K is associated with a metal-insulator (MI) transition. Band structure
calculations within LDA+U approximation demonstrated that IS is the lowest in energy
spin-state after the first transition[8, 9, 10]. In contrast to the expectation from the
simple ionic model IS is stabilized by a strong p− d hybridization and possible orbital
ordering in eg shell of Co
3+ ions [8].
From experimental point of view there are gradual changes in x-ray absorption
spectroscopy[11, 12] at the first spin-state transition. Up to now optical spectroscopy
as well as an electroresistivity investigation have not found any significant changes in
the electronic structure of LaCoO3 in the low temperature region[13]. Change of the
optical conductivity spectrum was observed only near MI transition. However, infrared
spectroscopy revealed anomalous splitting of the phonon modes and change of their
intensities with the increase of temperature, which was associated with local distortions
due to the spin-state transitions[14].
In this paper we’ve performed experimental and theoretical investigations of
the changes in electronic structure, occurring at the spin-state transition. We’ve
chosen two isoelectronic compounds: LaCoO3 and HoCoO3, which have different spin-
state configurations at room temperature due to a chemical pressure happening with
substitution of La ions by smaller Ho ions and hence increasing of a crystal field
t2g − eg energy splitting [10]. Observed changes in the optical properties of HoCoO3
in comparison with LaCoO3 can be associated with larger lattice distortions in HoCoO3
and with different spin-state stabilization of Co3+ ions in these compounds.
2. Experimantal details
In order to grow LaCoO3 and HoCoO3 single crystals a kind of anodic electrodeposition
technique was used. In particular, McCarrol approach [15] was modified [16] to use
seeded flux melt growth based on Cs2MoO4-MoO3 mixture in the ratio 2.2 : 1 as solvent.
Appropriate solute quantity was added into a 100 cm3 platinum crucible contained the
mixture to grow these single crystals with a seed served as anode at ∼ 950-1000 ◦C
under current density in the range 0.5-0.7 mA/cm2. Simultaneously the crucible serves
as cathode in a such electrochemical cell.
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The typical dimensions of the samples were 2x2x1 mm3. According to X-ray data
they were single phase. Optical measurements were performed on a cleaved mirror as
well as on mechanically polished by diamond powder (with grains less than 0.5 µm)
surface. In this paper we use experimental data for a cleaved surface, because in this
case numerical data for the reflectance were higher and spectral features had a better
resolution.
The refractive index n and absorption constant k were measured in the spectral
range 0.5-5.0 eV by ellipsometric technique at the room temperature. The automated
ellipsometer for measurements on small samples was assembled on the basis of the
KSVU-12 spectrometer. For energies less than 0.5 eV absorption constant k abruptly
decreases and an error of measured values rises. Thus we had to break off our
measurements at 0.5 eV. The relative experimental errors were 2%-4%. From n
and k, the real ε1(ω) = n
2 − k2 and imaginary ε2(ω) = 2nk parts of the complex
dielectric constant ε(ω), the optical conductivity σ(ω) = nkω/2pi and the reflectance
R(ω) = [(n− 1)2 + k2]/[(n + 1)2 + k2] were derived.
3. Experimantal results
The real ε1(ω) and imaginary ε2(ω) parts of the dielectric function for LaCoO3 and
HoCoO3 are presented in figure 1. As seen from behaviour of ε2(ω) function, there is
a strong absorption region in the energy range 1.0-5.0 eV for both compounds. Two
maxima for HoCoO3 are clearly observed at 1.7 and 2.9 eV. For LaCoO3 such features are
broaden and shifted to the low energy region on ∼ 0.3 eV. The dispersion of ε1(ω) near
these peaks has anomalous behavior and positive values show that optical properties are
defined by interband transitions. Another one feature is revealed more distinctly in the
spectrum of the reflectance R(ω) for HoCoO3, which has a maximum at 4.5 eV (figure
1, inset).
Changes in the optical charge gap values for the direct optical transitions and
consequently the shift of the main spectral features with decrease of the rare earth
ionic radii have been already observed in the series of compounds RCoO3 where R was
changed from La to Gd[17]. It can be explained in a following way. With decreasing of
the rare earth ionic radii Co-O-Co bond angles deviate much more from 180◦ and Co-O
bond length reduces. Since overlap between Co-3d and O-2p orbitals is determined by
Co-O distances and Co-O-Co bond angles, it affects the d−p−d interaction. As a result
such distortions cause the band width to decrease and hence band gap to increase.
Right panel of figure 1 shows a variance analysis of the imaginary part of the
dielectric function ε2(ω), which has been expanded on 4 Lorentz oscillators (A1, A2, A3,
A4). Except the shift of oscillators maxima (on 0.04, 0.30, 0.21 and 0.33 eV respectively)
to the high energy region there is a strong enhancement (in 3 times) of A3 oscillators
strength in HoCoO3 in comparison with LaCoO3. At the same time other oscillator
intensities are changed not more than on 30%.
Presumably, such strong enhancement of the optical absorption can be associated
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Figure 1. Left panel: the real ε1(ω) and imaginary ε2(ω) parts of the dielectric
function for LaCoO3 and HoCoO3. The inset in left panel shows the reflectance R(ω).
Right panel: the variance analysis of ε2(ω) for HoCoO3 and LaCoO3.
with different spin-state configurations of Co3+ ions in these compounds. At room
temperature Co3+ ions in HoCoO3 are in LS, but in LaCoO3 a most part of them
(about 80% from [13]) are in IS. In this case absorption slackening in the range 1.3-2.3
eV in LaCoO3 may be evidence of some transitions blocking and as a result of suggestive
changes in the band structure for IS in comparison with LS. For LaCoO3 similar effect
of the spectral feature intensity decreasing with temperature across spin-state transition
near 1 eV was observed in photoemission experiment[18].
In order to compare experimental results with the band structure calculations
presented below, let us discuss the optical conductivity spectra σ(ω) shown in figure
2. The optical conductivity spectrum for our LaCoO3 crystals is in a good agreement
with the literature data on numerical values and dispersion[17]. Optical properties for
HoCoO3 were investigated for the first time. The shift to the high energy region and an
appearance of addition absorption were observed in optical conductivity σ(ω) as well as
in ε2(ω) spectra. Optical properties of the series of compounds RCoO3 (R=La, Pr, Nd,
Sm, Gd) were investigated by Yamaguchi et al [17] using reflectance measurements with
Kramers-Kronig analysis in the spectral range E < 2 eV at T=9 K, where all compounds
have the same LS state. Let us analyze this paper results and supplement them by our
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Figure 2. Left panel: optical conductivity σ(ω) of HoCoO3 and LaCoO3 at 290 K.
Right panel: calculated within the LDA+U approach CPDOS for LaCoO3 (dashed
line) in IS state and for HoCoO3 (solid line) in LS state. The Fermi level is zero
energy.
results for HoCoO3. If an intensity of the optical conductivity for LaCoO3 at 1.7 eV will
be considered as 1, then for the series of RCoO3 compounds, where R=La, Pr, Nd, Sm,
Gd, Ho it is increased as a whole with a drastic drop on Nd like 1, 1.47, 1.30, 1.07, 1.27,
1.86. Similar tendency has the temperatures of the spin-state transitions with decrease
of the rare earth ionic radii[19].
Thus LS state becomes more stable with decrease of the rare earth ionic radii
and one can see, that the higher temperature of transition from nonmagnetic LS state
to IS state is the bigger values of the spectral features intensities are observed in the
narrow spectral range 1.3 - 2.3 eV. That is naturally reflected in the electronic structure
reorganization: an additional channels of interband transitions appearance.
4. Computational details
In order to find out an origin of the difference in the optical conductivity spectra in
LaCoO3 and HoCoO3 we’ve performed band structure calculations within the LDA+U
approximation[20]. The calculation scheme was realized in the framework of the linear
muffin-tin orbitals (LMTO)[21] method based on the Stuttgart TBLMTO-47 computer
code.
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Temperature was introduced in our calculations only by the change of lattice
parameters and atomic positions. Corresponding crystal data for room temperature
were taken from Radaelli et al. (for LaCoO3)[1] and Liu et al. (for HoCoO3)[19].
Co(4s,4p,3d), O(3s,2p) and La,Ho(6s,6p,5d) were included to the orbital basis set in
our calculations. In contrast to reference 10 almost empty La-4f states as well as
partially filled 4f states of Ho were treated as pseudo-core states.
It is important to describe La-4f states correctly because in the present work we
need to have as more precise density of states (DOS) as possible, since it is used for
the optical properties calculations. An attempt to describe La-4f states as valence
one in the framework of LDA calculation leads to the appropriate La-4f states peaks
appearance in the low energy region near the Fermi level (see figures 3 - 5 in reference
10) in contrast to the experiment, where it placed at ∼ 9.0 eV above EF [22].
However, we have found that the presence or the absence of La-4f states in the basis
set has not effect on total energies difference of the various spin-state configurations.
There are two ways to describe La-4f states properly: to apply LDA+U correction on
these states or to treat them as a pseudo-core. We’ve chosen the second way.
On-site Coulomb interaction parameter and Stoner exchange parameter were taken
to be 7.0 eV and 0.99 eV respectively for Co-3d shell. The Brillouin-zone (BZ)
integration in the course of the self-consistency iterations was performed over a mesh of
27 k points in the irreducible part of the BZ. DOS as well as CPDOS (see below) were
calculated by the tetrahedron method with 512 k points in the whole BZ.
There are two ways to calculate optical properties ab-initio. First of all, one can
calculate optical conductivity using the Kubo formula[23, 24] and matrix elements of
momentum operator < kn| − i∆α|k
′n >. But such rather difficult and time-consuming
procedure requires knowledge of the band structure with a better accuracy than that
provided by LMTO-ASA method[25]. Second, it is possible to calculate joint density of
states (JDOS)[26], defined as
J(hω) =
∑
k
N(εk)N(−(εk + hω)), (1)
where N(εk) is a total DOS. However, JDOS calculations do not take into account
selection rules and as a result their comparison with an experiment usually is not good.
In this paper optical absorption is estimated to be proportional to the convolution of
partial density of states (CPDOS)
C(ω) =
1
hω
∑
σ
∫ hω
0
NσA(ε)N
σ
B(ε− hω)dε, (2)
where NσA(ε) and N
σ
B(ε − hω) are partial densities of states (PDOS) respectively
for the energy arguments above and below of the Fermi level and σ is spin projection.
In this way one should use a ”proper” PDOS to satisfy the selection rules. Due to
such rules NσA(ε) and N
σ
B(ε − hω) should be the partial DOS of the same atom, have
the same spin index σ and their orbital quantum numbers should differ only on ∆l =
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Figure 3. DOS calculated within the LDA+U approach for HoCoO3 LS state (t
6
2ge
0
g
)
of Co3+ ions (left panel), LaCoO3 IS state (t
5
2ge
1
g
) of Co3+ ions (right panel). Parts of
plots with positive (negative) ordinates denote majority (minority) spin PDOS. The
Fermi level is zero energy.
±1. Thus, this approximation can be compared with a conventional constant matrix
elements approximation[26].
To this rule satisfy transitions 6s−6p and 6p−5d for Ho and La ions, 3s−2p for O,
4s− 4p and 4p− 3d for Co ions. On the contrary, the valence band in both compounds
is defined by O-2p states which hybridize with a partially filled Co-3d band, but O-3s
states are much far away from the Fermi level (approximately on 30 eV higher) and
hence oxygens 3s− 2p transitions also should be neglected.
Thus there are Co 4s−4p, 4p−3d and La,Ho 6s−6p, 6p−5d transitions which can
be taken into account in the calculation of (2). However, there is a strong hybridization
between Co-4p and O-2p states due to a large spatial extension and a sizable overlap
between these orbitals on neighboring Co and O ions. So in this way excitations from
occupied Co-4p into unoccupied Co-3d band can be considered in a certain way as O-2p
– Co-3d transitions.
Influence of Co3+ spin-state on optical properties of LaCoO3 and HoCoO3 8
5. LDA+U results
Recently, using the results of LDA+U calculations Nekrasov et al.[10] have shown that a
different spin-state stabilizes in LaCoO3 (IS) and in HoCoO3 (LS) at room temperature
due to a chemical pressure happening with substitution of La ions by small Ho ions and
hence increasing of a crystal field t2g − eg energy splitting.
Calculated in the present work PDOS for IS state in LaCoO3 and LS state in
HoCoO3 are presented in figure 3. Both compounds should be insulators in the
calculations at room temperature. However, IS state for LaCoO3 gave a metallic state
in LDA+U in contrast to the experiment[13]. This contradiction have been explained
by a prediction of a possible orbital ordering of partially filled eg orbitals of Co
3+ ions
in IS state [8]. A band gap for HoCoO3 in LS state is found to be 0.7 eV in agreement
with experiment, where it is estimated to be ≤ 0.7 eV (see left panel of figure 2, inset).
Local magnetic moment on Co ion in LaCoO3 is equal to 2.2 µB.
The results of optical convolution calculations are presented in right panel of figure
2. Due to the presence of a sizable band gap in HoCoO3 there are no electronic
transitions below 0.7 eV, while LaCoO3 is a metal in our calculation (insulator with
very small band gap ∼0.1 eV in experiment[17]). As a result in LaCoO3 the electronic
excitations, which form optical conductivity, appear already at very small energies.
Drastic increase of the absorption is observed at ∼ 2.3 eV for LaCoO3 and at ∼ 1.1 eV
for HoCoO3.
The origin of such different behavior one can find in two interrelated features of
O−2p and Co−3d PDOS for both compounds. From one side the p − d hybridization
for majority spin is stronger for IS configuration because of partial filling of eg−band in
IS in comparison with LS. It leads to the increase of valence oxygen 2p band width in IS
and to the decrease of PDOS just below the Fermi level (compare left and right panels in
figure 3). From other side there is a sizable ∼ 2.3 eV gap in PDOS for Co−3d and O−2p
minority spin, because in general they are placed on different sides from the Fermi level
and almost do not hybridize. Thus, there is a small intensity of the optical absorption
in LaCoO3 due to only one (majority) spin contribution to this absorption in the low
energy range till ∼ 2.3 eV. In this case ”drastic growing” of the intensity of O2p – Co3d
transitions in optical conductivity spectra appears for IS state of Co3+ ions in LaCoO3
at the higher energies than for LS Co3+ in HoCoO3. Such shift and absorption intensity
enhancement in the range 1.2-2.6 eV results in the crossing of CPDOS for LaCoO3 and
HoCoO3 at ∼ 1.2 eV in a good agreement with experiment (see left panel of figure 2).
Thus, analysis of the LDA+U calculation results shows that there are qualitative
changes in the electronic structures connected with the shift of the onset of the
absorption and absorption intensity enhancement due to the different spin-state
configuration at room temperature. It is important to note that the structural
modifications by itself without changing of the spin-state configuration do not lead
to the considerable changing of the electronic structure (see figures 3 and 4 in reference
10).
Influence of Co3+ spin-state on optical properties of LaCoO3 and HoCoO3 9
6. Conclusion
In this paper, we’ve reported the results of the optical properties investigations of
isoelectronic compounds LaCoO3 and HoCoO3 with the aim to clarify the influence
of the different spin-state stabilization on electronic structure as a whole and on the
optical properties in particular.
We’ve measured the real ε1(ω) and imaginary ε2(ω) parts of the dielectric function,
reflectance R(ω) and optical conductivity and found several differences in the optical
spectra between LaCoO3 and HoCoO3 at room temperature.
First of all, the shift of the main spectral features to the high energy region on 0.3
eV associated with smaller rare earth ionic radii and as a result with larger distortions
in HoCoO3 in comparison with LaCoO3 was found. As well, there is an increase of
the absorption in the range 1.3-2.3 eV in all kinds of spectra in HoCoO3, which can
be attributed basing on the results of LDA+U calculations to the different spin-state
stabilization in these compounds.
We’ve performed convolution of partial density of states computations obtained
in the framework of the LDA+U approach taking into account dipole-dipole selection
rules. As a result we’ve found qualitative changes in the electronic structures, which is
reflected in the optical spectra as the shift of the onset of the absorption edge from less
than 0.1 eV in LaCoO3 to 0.7 eV in HoCoO3 and an absorption intensity enhancement
in a narrow spectral range 1.2-2.6 eV. Such changes are assumed to be induced by the
different Co3+ spin-state in these compounds at room temperature.
Acknowledgments
The work was supported by the INTAS project No.01-0278 and the Russian Foundation
for Basic Research through grants RFFI-01-02-17063 (VA, IN, MK) and RFFI-03-02-
06026, the grant of Ural Branch of the Russian Academy of Sciences for Young Scientists,
Grant of the President of Russia for Young Scientists MK-95.2003.02 (IN).
References
[1] Radaelli P G and Cheong S-W 2002 Phys. Rev. B 66 094408
[2] Maris G, Ren Y, Volotchaev V, Zobel C, Lorenz T and Palstra T T M 2003, Phys. Rev. B 67
224423
[3] Asai K, Yoneda A, Yokokure O, Tranquada J M, Shirane G and Kohn K 1998 J. Phys. Soc. Jap.
67 290
[4] Zobel C, Kriener M, Bruns D, Baier J, Gruninger M and Lorenz T 2002 Phys. Rev. B 66 R020402
[5] Kobayashi Y, Fujivara N, Murata S, Asai K and Yasuoka H 2000 Phys. Rev. B 62 410
[6] Imada M, Fujimori A and Tokura Y 1998 Rev. Mod. Phys. 70 1039
[7] Goodenough J B 1958 J. Phys. Chem. Solids 28 287
[8] Korotin M A, Ezhov S Yu, Solovyev I V, Anisimov V I, Khomskii D I and Sawatzky G A 1996
Phys. Rev. B 54 5309
[9] Ravindran P, Fjellva˙g H, Kjekshus A, Blaha P, Schwarz K and Luitz J 2002 J. Appl. Phys. B 91
291
Influence of Co3+ spin-state on optical properties of LaCoO3 and HoCoO3 10
[10] Nekrasov I A, Streltsov S V, Korotin M A and Anisimov V I 2003 Phys. Rev. B, 68 1951XX
[11] Saitoh T, Mizokawa T, Fujimori A, Abbate M, Takeda Y and Takano M 1997 Phys. Rev. B 55
4257
[12] Hu Z and Tjeng L H 2003 Private communication
[13] Tokura Y, Okimoto Y, Yamaguchi S, Taniguchi H, Kimura T and Takagi H 1998 Phys. Rev. B 58
R1699
[14] Yamaguchi S, Okimoto Y and Tokura Y 1997 Phys. Rev. B 55 R8666
[15] McCarrol W H, Ramanujachary K V and Greenblatt M 1997 J. Solid State Chem. 130 327
[16] Shiryaev S V, Barilo S N, Bychkov G L, Khalyavin D D, Soldatov A G, Pashkevich Yu G, Gnezdilov
V P, Lemmens P and Guntherodt G 2001 Proc. 4-th International Conference on Single Crystal
Growth and Heat and Mass Transfer 1 p 251
[17] Yamaguchi S, Okimoto Y and Tokura Y 1996 Phys. Rev. B 54 R11022
[18] Thomas A G, Flavell W R, Dunwoody P M, Mitchell C E J, Warren S, Grice S C, Marr P G D,
Jewitt D E, Khan N, Dhanak V R, Teehan D, Seddon E A, Asai K, Koboyashi Y and Yamada
N 2000 J. Phys.: Condens. Matter 12 9259
[19] Liu X and Prewity C T 1991 J. Phys. Chem. Solids 52 441
[20] Anisimov V I, Zaanen J and Andersen O K 1991 Phys. Rev. B 44 943
[21] Andersen O K 1976 Phys. Rev. B 12 3060
[22] Chainani A, Mathew M and Sarma D D 1992 Phys. Rev. B 46 9976
[23] Kubo R 1957 J. Phys. Soc. Jap., 12 570
[24] Wang C S and Callaway J 1974 Phys. Rev. B 9 4897
[25] Uspenski Yu A, Maksimov E G, Rashkeev S N and Mazin I I 1983 Z. Phys. B 53 263
[26] Mazin I I, Singh D J and Ambrosch-Draxl C 1999 Phys. Rev. B 59 411
Inuene of Co
3+
spin-state on optial properties of
LaCoO
3
and HoCoO
3
L.V. Nomerovannayay, A.A. Makhnevy, S.V. Streltsovyz,
I.A. Nekrasovy, M.A. Korotiny, S.V. Shiryaevx, G.L. Byhkovx,
S.N. Barilox and V.I. Anisimovy
yInstitute of Metal Physis, 620219 Ekaterinburg GSP-170, Russia
zUral State Tehnial University, 620002 Ekaterinburg, Russia
xInstitute of Solid State and Semiondutor Physis, 220072 Minsk. Belarus
E-mail: Streltsovoptis.imp.uran.ru
Abstrat. Optial properties of the isoeletroni ompounds LaCoO
3
and HoCoO
3
has been experimentally and theoretially investigated. We've measured the real "
1
(!)
and imaginary "
2
(!) parts of the dieletri funtion, reetane R(!) and optial
ondutivity at room temperature. The shift of the most pronouned spetral features
to the high energy region on 0.3 eV assoiated with larger distortions due to the
smaller rare earth ioni radii in HoCoO
3
in omparison with LaCoO
3
was observed.
Also there was found an enhanement of absorption intensity in the range 1.3-2.3 eV
in all kinds of spetra in HoCoO
3
, whih an be attributed basing on the results of
LDA+U alulations to the dierent spin-states of Co
3+
ion in these ompounds. The
shift of the onset of the absorption from less than 0.1 eV in LaCoO
3
to 0.7 eV in
HoCoO
3
and an absorption intensity enhanement in a narrow spetral range 1.2-2.6
eV in HoCoO
3
are learly seen from the alulated onvolution of partial densities of
states obtained in the LDA+U approah. Suh hanges are assumed to be indued by
the dierent Co
3+
spin-state in these ompounds at room temperature.
PACS numbers: 78.20.Bh, 71.27.+a, 71.15.Ap
Submitted to: J. Phys.: Condens. Matter
Inuene of Co
3+
spin-state on optial properties of LaCoO
3
and HoCoO
3
2
1. Introdution
At present a temperature dependene of strutural[1, 2℄ and magneti[3, 4, 5℄ properties
of LaCoO
3
is usually desribed within a three-spin-states model. In the ground state
LaCoO
3
is a nonmagneti insulator and all Co
3+
ions have a low spin-state onguration
(LS, t
6
2g
e
0
g
, S=0)[6℄.
There are two transitions at approximately 100 and 500 K in LaCoO
3
with the
inrease of temperature. At 100 K this ompound undergoes the spin-state transition
to a paramagneti state, as evidened by a steep inrease of magneti suseptibility[6℄
and an be interpreted as a spin-state transition to the intermediate spin-state (IS,
t
5
2g
e
1
g
, S=1) or to a mixture of low and high spin-state (HS, t
4
2g
e
2
g
, S=2)[7℄. The seond
transition at 500 K is assoiated with a metal-insulator (MI) transition. Band struture
alulations within LDA+U approximation demonstrated that IS is the lowest in energy
spin-state after the rst transition[8, 9, 10℄. In ontrast to the expetation from the
simple ioni model IS is stabilized by a strong p  d hybridization and possible orbital
ordering in e
g
shell of Co
3+
ions [8℄.
From experimental point of view there are gradual hanges in x-ray absorption
spetrosopy[11, 12℄ at the rst spin-state transition. Up to now optial spetrosopy
as well as an eletroresistivity investigation have not found any signiant hanges in
the eletroni struture of LaCoO
3
in the low temperature region[13℄. Change of the
optial ondutivity spetrum was observed only near MI transition. However, infrared
spetrosopy revealed anomalous splitting of the phonon modes and hange of their
intensities with the inrease of temperature, whih was assoiated with loal distortions
due to the spin-state transitions[14℄.
In this paper we've performed experimental and theoretial investigations of
the hanges in ele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urring at the spin-state transition. We've
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3
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3
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erent spin-
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substitution of La ions by smaller Ho ions and hen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t
2g
  e
g
energy splitting [10℄. Observed hanges in the optial properties of HoCoO
3
in omparison with LaCoO
3
an be assoiated with larger lattie distortions in HoCoO
3
and with dierent spin-state stabilization of Co
3+
ions in these ompounds.
2. Experimantal details
In order to grow LaCoO
3
and HoCoO
3
single rystals a kind of anodi eletrodeposition
tehnique was used. In partiular, MCarrol approah [15℄ was modied [16℄ to use
seeded ux melt growth based on Cs
2
MoO
4
-MoO
3
mixture in the ratio 2.2 : 1 as solvent.
Appropriate solute quantity was added into a 100 m
3
platinum ruible ontained the
mixture to grow these single rystals with a seed served as anode at  950-1000
Æ
C
under urrent density in the range 0.5-0.7 mA/m
2
. Simultaneously the ruible serves
as athode in a suh eletrohemial ell.
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The typial dimensions of the samples were 2x2x1 mm
3
. Aording to X-ray data
they were single phase. Optial measurements were performed on a leaved mirror as
well as on mehanially polished by diamond powder (with grains less than 0.5 m)
surfae. In this paper we use experimental data for a leaved surfae, beause in this
ase numerial data for the reetane were higher and spetral features had a better
resolution.
The refrative index n and absorption onstant k were measured in the spetral
range 0.5-5.0 eV by ellipsometri tehnique at the room temperature. The automated
ellipsometer for measurements on small samples was assembled on the basis of the
KSVU-12 spetrometer. For energies less than 0.5 eV absorption onstant k abruptly
dereases and an error of measured values rises. Thus we had to break o our
measurements at 0.5 eV. The relative experimental errors were 2%-4%. From n
and k, the real "
1
(!) = n
2
  k
2
and imaginary "
2
(!) = 2nk parts of the omplex
dieletri onstant "(!), the optial ondutivity (!) = nk!=2 and the reetane
R(!) = [(n  1)
2
+ k
2
℄=[(n + 1)
2
+ k
2
℄ were derived.
3. Experimantal results
The real "
1
(!) and imaginary "
2
(!) parts of the dieletri funtion for LaCoO
3
and
HoCoO
3
are presented in gure 1. As seen from behaviour of "
2
(!) funtion, there is
a strong absorption region in the energy range 1.0-5.0 eV for both ompounds. Two
maxima for HoCoO
3
are learly observed at 1.7 and 2.9 eV. For LaCoO
3
suh features are
broaden and shifted to the low energy region on  0.3 eV. The dispersion of "
1
(!) near
these peaks has anomalous behavior and positive values show that optial properties are
dened by interband transitions. Another one feature is revealed more distintly in the
spetrum of the reetane R(!) for HoCoO
3
, whih has a maximum at 4.5 eV (gure
1, inset).
Changes in the optial harge gap values for the diret optial transitions and
onsequently the shift of the main spetral features with derease of the rare earth
ioni radii have been already observed in the series of ompounds RCoO
3
where R was
hanged from La to Gd[17℄. It an be explained in a following way. With dereasing of
the rare earth ioni radii Co-O-Co bond angles deviate muh more from 180
Æ
and Co-O
bond length redues. Sine overlap between Co-3d and O-2p orbitals is determined by
Co-O distanes and Co-O-Co bond angles, it aets the d p d interation. As a result
suh distortions ause the band width to derease and hene band gap to inrease.
Right panel of gure 1 shows a variane analysis of the imaginary part of the
dieletri funtion "
2
(!), whih has been expanded on 4 Lorentz osillators (A
1
, A
2
, A
3
,
A
4
). Exept the shift of osillators maxima (on 0.04, 0.30, 0.21 and 0.33 eV respetively)
to the high energy region there is a strong enhanement (in 3 times) of A
3
osillators
strength in HoCoO
3
in omparison with LaCoO
3
. At the same time other osillator
intensities are hanged not more than on 30%.
Presumably, suh strong enhanement of the optial absorption an be assoiated
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Figure 1. Left panel: the real "
1
(!) and imaginary "
2
(!) parts of the dieletri
funtion for LaCoO
3
and HoCoO
3
. The inset in left panel shows the reetane R(!).
Right panel: the variane analysis of "
2
(!) for HoCoO
3
and LaCoO
3
.
with dierent spin-state ongurations of Co
3+
ions in these ompounds. At room
temperature Co
3+
ions in HoCoO
3
are in LS, but in LaCoO
3
a most part of them
(about 80% from [13℄) are in IS. In this ase absorption slakening in the range 1.3-2.3
eV in LaCoO
3
may be evidene of some transitions bloking and as a result of suggestive
hanges in the band struture for IS in omparison with LS. For LaCoO
3
similar eet
of the spetral feature intensity dereasing with temperature aross spin-state transition
near 1 eV was observed in photoemission experiment[18℄.
In order to ompare experimental results with the band struture alulations
presented below, let us disuss the optial ondutivity spetra (!) shown in gure
2. The optial ondutivity spetrum for our LaCoO
3
rystals is in a good agreement
with the literature data on numerial values and dispersion[17℄. Optial properties for
HoCoO
3
were investigated for the rst time. The shift to the high energy region and an
appearane of addition absorption were observed in optial ondutivity (!) as well as
in "
2
(!) spetra. Optial properties of the series of ompounds RCoO
3
(R=La, Pr, Nd,
Sm, Gd) were investigated by Yamaguhi et al [17℄ using reetane measurements with
Kramers-Kronig analysis in the spetral range E < 2 eV at T=9 K, where all ompounds
have the same LS state. Let us analyze this paper results and supplement them by our
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Figure 2. Left panel: optial ondutivity (!) of HoCoO
3
and LaCoO
3
at 290 K.
Right panel: alulated within the LDA+U approah CPDOS for LaCoO
3
(dashed
line) in IS state and for HoCoO
3
(solid line) in LS state. The Fermi level is zero
energy.
results for HoCoO
3
. If an intensity of the optial ondutivity for LaCoO
3
at 1.7 eV will
be onsidered as 1, then for the series of RCoO
3
ompounds, where R=La, Pr, Nd, Sm,
Gd, Ho it is inreased as a whole with a drasti drop on Nd like 1, 1.47, 1.30, 1.07, 1.27,
1.86. Similar tendeny has the temperatures of the spin-state transitions with derease
of the rare earth ioni radii[19℄.
Thus LS state beomes more stable with derease of the rare earth ioni radii
and one an see, that the higher temperature of transition from nonmagneti LS state
to IS state is the bigger values of the spetral features intensities are observed in the
narrow spetral range 1.3 - 2.3 eV. That is naturally reeted in the eletroni struture
reorganization: an additional hannels of interband transitions appearane.
4. Computational details
In order to nd out an origin of the dierene in the optial ondutivity spetra in
LaCoO
3
and HoCoO
3
we've performed band struture alulations within the LDA+U
approximation[20℄. The alulation sheme was realized in the framework of the linear
muÆn-tin orbitals (LMTO)[21℄ method based on the Stuttgart TBLMTO-47 omputer
ode.
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Temperature was introdued in our alulations only by the hange of lattie
parameters and atomi positions. Corresponding rystal data for room temperature
were taken from Radaelli et al. (for LaCoO
3
)[1℄ and Liu et al. (for HoCoO
3
)[19℄.
Co(4s,4p,3d), O(3s,2p) and La,Ho(6s,6p,5d) were inluded to the orbital basis set in
our alulations. In ontrast to referene 10 almost empty La-4f states as well as
partially lled 4f states of Ho were treated as pseudo-ore states.
It is important to desribe La-4f states orretly beause in the present work we
need to have as more preise density of states (DOS) as possible, sine it is used for
the optial properties alulations. An attempt to desribe La-4f states as valene
one in the framework of LDA alulation leads to the appropriate La-4f states peaks
appearane in the low energy region near the Fermi level (see gures 3 - 5 in referene
10) in ontrast to the experiment, where it plaed at  9.0 eV above E
F
[22℄.
However, we have found that the presene or the absene of La-4f states in the basis
set has not eet on total energies dierene of the various spin-state ongurations.
There are two ways to desribe La-4f states properly: to apply LDA+U orretion on
these states or to treat them as a pseudo-ore. We've hosen the seond way.
On-site Coulomb interation parameter and Stoner exhange parameter were taken
to be 7.0 eV and 0.99 eV respetively for Co-3d shell. The Brillouin-zone (BZ)
integration in the ourse of the self-onsisteny iterations was performed over a mesh of
27 k points in the irreduible part of the BZ. DOS as well as CPDOS (see below) were
alulated by the tetrahedron method with 512 k points in the whole BZ.
There are two ways to alulate optial properties ab-initio. First of all, one an
alulate optial ondutivity using the Kubo formula[23, 24℄ and matrix elements of
momentum operator < knj   i

jk
0
n >. But suh rather diÆult and time-onsuming
proedure requires knowledge of the band struture with a better auray than that
provided by LMTO-ASA method[25℄. Seond, it is possible to alulate joint density of
states (JDOS)[26℄, dened as
J(h!) =
X
k
N("
k
)N( ("
k
+ h!)); (1)
where N("
k
) is a total DOS. However, JDOS alulations do not take into aount
seletion rules and as a result their omparison with an experiment usually is not good.
In this paper optial absorption is estimated to be proportional to the onvolution of
partial density of states (CPDOS)
C(!) =
1
h!
X

Z
h!
0
N

A
(")N

B
("  h!)d"; (2)
where N

A
(") and N

B
("   h!) are partial densities of states (PDOS) respetively
for the energy arguments above and below of the Fermi level and  is spin projetion.
In this way one should use a "proper" PDOS to satisfy the seletion rules. Due to
suh rules N

A
(") and N

B
("   h!) should be the partial DOS of the same atom, have
the same spin index  and their orbital quantum numbers should dier only on l =
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Figure 3. DOS alulated within the LDA+U approah for HoCoO
3
LS state (t
6
2g
e
0
g
)
of Co
3+
ions (left panel), LaCoO
3
IS state (t
5
2g
e
1
g
) of Co
3+
ions (right panel). Parts of
plots with positive (negative) ordinates denote majority (minority) spin PDOS. The
Fermi level is zero energy.
1. Thus, this approximation an be ompared with a onventional onstant matrix
elements approximation[26℄.
To this rule satisfy transitions 6s 6p and 6p 5d for Ho and La ions, 3s 2p for O,
4s  4p and 4p  3d for Co ions. On the ontrary, the valene band in both ompounds
is dened by O-2p states whih hybridize with a partially lled Co-3d band, but O-3s
states are muh far away from the Fermi level (approximately on 30 eV higher) and
hene oxygens 3s  2p transitions also should be negleted.
Thus there are Co 4s 4p, 4p 3d and La,Ho 6s 6p, 6p 5d transitions whih an
be taken into aount in the alulation of (2). However, there is a strong hybridization
between Co-4p and O-2p states due to a large spatial extension and a sizable overlap
between these orbitals on neighboring Co and O ions. So in this way exitations from
oupied Co-4p into unoupied Co-3d band an be onsidered in a ertain way as O-2p
{ Co-3d transitions.
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5. LDA+U results
Reently, using the results of LDA+U alulations Nekrasov et al.[10℄ have shown that a
dierent spin-state stabilizes in LaCoO
3
(IS) and in HoCoO
3
(LS) at room temperature
due to a hemial pressure happening with substitution of La ions by small Ho ions and
hene inreasing of a rystal eld t
2g
  e
g
energy splitting.
Calulated in the present work PDOS for IS state in LaCoO
3
and LS state in
HoCoO
3
are presented in gure 3. Both ompounds should be insulators in the
alulations at room temperature. However, IS state for LaCoO
3
gave a metalli state
in LDA+U in ontrast to the experiment[13℄. This ontradition have been explained
by a predition of a possible orbital ordering of partially lled e
g
orbitals of Co
3+
ions
in IS state [8℄. A band gap for HoCoO
3
in LS state is found to be 0.7 eV in agreement
with experiment, where it is estimated to be  0.7 eV (see left panel of gure 2, inset).
Loal magneti moment on Co ion in LaCoO
3
is equal to 2.2 
B
.
The results of optial onvolution alulations are presented in right panel of gure
2. Due to the presene of a sizable band gap in HoCoO
3
there are no eletroni
transitions below 0.7 eV, while LaCoO
3
is a metal in our alulation (insulator with
very small band gap 0.1 eV in experiment[17℄). As a result in LaCoO
3
the eletroni
exitations, whih form optial ondutivity, appear already at very small energies.
Drasti inrease of the absorption is observed at  2.3 eV for LaCoO
3
and at  1.1 eV
for HoCoO
3
.
The origin of suh dierent behavior one an nd in two interrelated features of
O 2p and Co 3d PDOS for both ompounds. From one side the p   d hybridization
for majority spin is stronger for IS onguration beause of partial lling of e
g
 band in
IS in omparison with LS. It leads to the inrease of valene oxygen 2p band width in IS
and to the derease of PDOS just below the Fermi level (ompare left and right panels in
gure 3). From other side there is a sizable  2.3 eV gap in PDOS for Co 3d and O 2p
minority spin, beause in general they are plaed on dierent sides from the Fermi level
and almost do not hybridize. Thus, there is a small intensity of the optial absorption
in LaCoO
3
due to only one (majority) spin ontribution to this absorption in the low
energy range till  2.3 eV. In this ase "drasti growing" of the intensity of O2p { Co3d
transitions in optial ondutivity spetra appears for IS state of Co
3+
ions in LaCoO
3
at the higher energies than for LS Co
3+
in HoCoO
3
. Suh shift and absorption intensity
enhanement in the range 1.2-2.6 eV results in the rossing of CPDOS for LaCoO
3
and
HoCoO
3
at  1.2 eV in a good agreement with experiment (see left panel of gure 2).
Thus, analysis of the LDA+U alulation results shows that there are qualitative
hanges in the eletroni strutures onneted with the shift of the onset of the
absorption and absorption intensity enhanement due to the dierent spin-state
onguration at room temperature. It is important to note that the strutural
modiations by itself without hanging of the spin-state onguration do not lead
to the onsiderable hanging of the eletroni struture (see gures 3 and 4 in referene
10).
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6. Conlusion
In this paper, we've reported the results of the optial properties investigations of
isoeletroni ompounds LaCoO
3
and HoCoO
3
with the aim to larify the inuene
of the dierent spin-state stabilization on eletroni struture as a whole and on the
optial properties in partiular.
We've measured the real "
1
(!) and imaginary "
2
(!) parts of the dieletri funtion,
reetane R(!) and optial ondutivity and found several dierenes in the optial
spetra between LaCoO
3
and HoCoO
3
at room temperature.
First of all, the shift of the main spetral features to the high energy region on 0.3
eV assoiated with smaller rare earth ioni radii and as a result with larger distortions
in HoCoO
3
in omparison with LaCoO
3
was found. As well, there is an inrease of
the absorption in the range 1.3-2.3 eV in all kinds of spetra in HoCoO
3
, whih an
be attributed basing on the results of LDA+U alulations to the dierent spin-state
stabilization in these ompounds.
We've performed onvolution of partial density of states omputations obtained
in the framework of the LDA+U approah taking into aount dipole-dipole seletion
rules. As a result we've found qualitative hanges in the eletroni strutures, whih is
reeted in the optial spetra as the shift of the onset of the absorption edge from less
than 0.1 eV in LaCoO
3
to 0.7 eV in HoCoO
3
and an absorption intensity enhanement
in a narrow spetral range 1.2-2.6 eV. Suh hanges are assumed to be indued by the
dierent Co
3+
spin-state in these ompounds at room temperature.
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